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M easurem ents of double-dierentialcharged pion production cross-sections in interactions of 12 G eV=c
protons on O 2 and N 2 thin targets are presented in the kinem atic range 0.5 G eV=c  p < 8 G eV=c and
50 m rad   < 250 m rad (in the laboratory fram e) and are com pared with p{C results.For p{N 2 (p{
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m easured cross-sectionshave a directim pacton the precise calculation ofatm ospheric neutrino uxesand
on the im proved reliability ofextensive air shower sim ulations by reducing the uncertainties ofhadronic
interaction m odelsin the low energy range.In particular,the presentresultsallow the com m on hypothesis
thatp{C data can be used to predictthe p{N 2 and p{O 2 pion production cross-sectionsto be tested.
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1 Introduction
TheHARP experim ent[1]attheCERN PS wasdesigned tom easurehadron yieldsfrom alargerangeofnuclear
targetsand forincidentparticlem om entafrom 1.5G eV=cto15G eV=c.Thiscorrespondstoaproton m om entum
region ofgreat interest for neutrino beam s and far from being covered by earlier dedicated hadroproduction
experim ents[2,3].The m ain m otivationsare the m easurem entofpion yieldsfora quantitative design ofthe
proton driverofa future neutrino factory [4],a substantialim provem entin the calculation ofthe atm ospheric
neutrinouxes[5]and them easurem entofparticleyieldsasinputfortheux calculation ofacceleratorneutrino
experim ents[6],such asK 2K [7,8],M iniBooNE [9]and SciBooNE [10].
M easurem entsofthe double-dierentialcross-section for production atlarge anglesby protonsin the m o-
m entum range of3 G eV=c{12.9 G eV=c im pinging on dierentthin 5% nuclearinteraction length (I)targets
have been reported in [11,12,13,14].These m easurem entsare ofspecialinterestfortargetm aterialsused in
conventionalacceleratorneutrino beam sand in neutrino factory designs.
The results on the forward production of+ in p{Alinteractions at 12.9 G eV=c and p{Be interactions at
8.9G eV=c,usefulfortheunderstandingoftheacceleratorneutrinouxesin theK 2K ,M iniBooNE and SciBooNE
experim ents,havebeen published in references[15,16].
In thispaperweaddressanotherofthem ain m otivationsoftheHARP experim ent:them easurem entoftheyields
ofpositiveand negativepionsrelevantfora precisecalculation oftheatm osphericneutrino uxesand im proved
m odeling ofextensiveairshowers.W epresentm easurem entsofthedouble-dierentialcross-section d2=dpd

forpositive and negative pion production (in the kinem atic range ofm om entum 0.5 G eV=c  p < 8 G eV=c
and angle 50 m rad   < 250 m rad in the laboratory fram e)by protonsof12 G eV=c m om entum im pinging
on thin cryogenicN 2 and O 2 targetsof5.5% and 7.5% nuclearinteraction length (I),respectively.Resultsfor
the pion production on a thin carbon targetin alm ostthe sam e kinem atic region havealready been published
in [17].Som e ofthose results willbe shown again in this paper with a dierent binning for com parison (see
Appendix A).Thesem easurem entsareperform ed usingtheforward spectrom eteroftheHARP detector.Results
on them easurem entofthedouble-dierential production cross-section in proton{carbon collisionsobtained
with the HARP large-angle spectrom eter(100 M eV=c p < 800 M eV=c and 0:35 rad   < 2:15 rad)are
presented in a separatearticle[12].
The existing world data for production on lighttargetsatlow beam m om entum ( 25 G eV=c)are m ainly
restricted to beryllium targets and with a lim ited phase space coverage [18,19,20,21,22,23].The work of
Eichten etal.[22]hasbecom ea widely used standard referencedata set.In addition to thesedata,new results
from the E910 Collaboration havebeen recently published [24].
Carbon isan isoscalarnucleusasnitrogen and oxygen,so the extrapolation to airisthe m oststraightforward.
Recently the p{C data at158 G eV=c provided by the NA49 experim entatCERN SPS in a large acceptance
rangehavebecom eavailable[25].Relevantdata areexpected also from theM IPP experim entatFerm ilab [26].
W ewould liketom ention thattheNA61experim ent[27]took rstp{C dataat30G eV=cin theautum n of2007.
Theforeseen m easurem entsofim portanceforastroparticlephysicsarestudiesofp{C interactionsatincom ing
beam m om enta 30 G eV=c,40 G eV=c,50 G eV=cand  {C interactionsat158 G eV=cand 350 G eV=c.
It is m ore dicult for experim ents to study p{O 2 and p{N 2 reactions because cryogenic targets are m ore
com plicated to handle.The resultspresented in this paperare the rstforthis type oftargetsin this energy
range.
41.1 Experim entalapparatus
The HARP experim ent[1,28]m akesuse ofa large-acceptancespectrom eterconsisting ofa forward and large-
angle detection system .The HARP detector is shown in Fig.1.A detailed description ofthe experim ental
apparatus can be found in Ref.[28].The forward spectrom eter { based on ve m odules oflarge area drift
cham bers (NDC1-5) [29]and a dipole m agnet com plem ented by a set ofdetectors for particle identication
(PID):atim e-of-ightwall(TO FW )[30],alargeCherenkovdetector(CHE)and an electrom agneticcalorim eter
(ECAL){ coverspolaranglesup to 250 m rad.Them uon contam ination ofthebeam ism easured with a m uon
identierconsisting ofthick iron absorbersand scintillation counters.The large-anglespectrom eter{ based on
a Tim e Projection Cham ber(TPC)and Resistive Plate Cham bers(RPCs)located inside a solenoidalm agnet
{ hasa large acceptance in the m om entum and angularrange forthe pionsrelevantto the production ofthe
m uons in a neutrino factory.For the analysis described here only the forward spectrom eter and the beam
instrum entation areused.


















Figure 1:Schem atic layoutofthe HARP detector.The convention for the coordinate system is shown in the
lower-rightcorner.
TheHARP experim ent,located in theT9 beam oftheCERN PS,took data in 2001 and 2002.Them om entum
denition ofthe T9 beam isknown with a precision ofthe orderof1% [31].
The targetis placed inside the inner eld cage (IFC) ofthe TPC,in an assem bly that can be m oved in and
outofthesolenoid m agnet.In the cryogenictargetsetup used forN 2 and O 2,thegaswasliqueed by therm al
contact with a bath ofhelium ,com pressed to 20 bar and then refrigerated to 13 K by adiabatic expansion.
Therefrigeratorsystem washoused insidea vacuum cryostat(typically 2 10  9 bar)ending in a vacuum tube
containingthetarget.Thetargetarm had 6 cm diam eter,250m thick m ylarbeam entranceand exitwindows,
and thespaceseparating itfrom theIFC wasushed with nitrogen gasto avoid condensation.Thetargetused
forthem easurem entspresented hereconsisted ofa6cm long,3cm ofdiam eterand 125m thick m ylarcylinder
and a curved downstream nose,foran actualtargetvolum eofabout75 cm 3.
The thicknessofthe targetisequivalentto about5.5% I (4.84 g/cm
2)forN 2 and 7.5% I (6.85 g/cm
2)for
O 2.
Thecooling causesa contraction ofthetarget,which inducesan uncertainty on itsthicknessoftheorderof1% .
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Thisistaken into accountin the uncertainty on the num beroftargetnucleiin section 2.3.
A set offour m ulti-wire proportionalcham bers(M W PCs) m easuresthe position and direction ofthe incom -
ing beam particles with an accuracy of 1 m m in position and  0.2 m rad in angle per projection.A beam
tim e-of-ightsystem (BTO F)m easuresthetim edierenceofparticlesovera 21:4 m path-length.Itism adeof
two identicalscintillation hodoscopes,TO FA and TO FB (originally builtfortheNA52 experim ent[32]),which,
togetherwith a sm alltarget-dening triggercounter(TDS,also used forthe trigger),provideparticle identi-
cation atlow energies.Thisprovidesseparation ofpions,kaonsand protonsup to 5 G eV=cand determ inesthe
initialtim e attheinteraction vertex (t0).Thetim ing resolution ofthecom bined BTO F system isabout70 ps.
A system oftwo N 2-lled Cherenkov detectors (BCA and BCB) is used to tag electrons at low energies and
pions athigherenergies.The electron and pion tagging eciency is found to be close to 100% .At the beam
energy used forthisanalysisthe Cherenkov countersselectallparticleslighterthan protons,while the BTO F
isused to rejections.A setoftriggerdetectorscom pletesthe beam instrum entation.
The selection ofbeam protonsisperform ed using the sam e criteria asdescribed in [15].A downstream trigger
in the forward scintillatortriggerplane (FTP)wasrequired to record the event,accepting only trackswith a
trajectory outsidethe centralhole(60 m m )which allowsbeam particlesto pass.
The length ofthe accelerator spillis 400 m s with a typicalintensity of15000 beam particles per spill.The
averagenum berofeventsrecorded by the data acquisition rangesfrom 300 to 350 perspill.
The absolute norm alization ofthe num berofincidentprotonswasperform ed using ‘incident-proton’triggers.
Thesearetriggerswherethesam eselection on thebeam particlewasapplied butno selection on theinteraction
wasperform ed.Therateofthistriggerwasdown-scaled by a factor64.
2 D ata A nalysis
2.1 Event and particle selection
A detailed description oftheexperim entaltechniquesused fordata analysisin theHARP forward spectrom eter
can be found in Ref.[15,33].
W ith respectto ourrstpaperon pion production in p{Alinteractions[15],a num berofim provem entsto the
analysistechniquesand detectorsim ulation havebeen m ade.Them ostim portantim provem entsintroduced in
thisanalysiscom pared with the onepresented in Ref.[15]are:
{ An increaseofthe track reconstruction eciency;
{ Better understanding ofthe m om entum scale and resolution ofthe detector,based on data,which was
then used to tune the sim ulation;
{ New particleidentication hitselection algorithm sboth in theTO FW and in theCHE resulting in m uch
reduced background and negligible eciency losses.In the kinem atic range ofthe current analysis the
pion identication eciency isabout98% ,whilethebackground from m is-identied protonsiswellbelow
1% ;
{ Signicantincreasesin M onteCarloproductionhavealsoreduced uncertaintiesfrom M onteCarlostatistics
and allowed studieswhich havereduced certain system atics.
Furtherdetailsofthese im proved analysistechniquescan be found in [16,17].Forthe cryogenictargets,dedi-
cated,high statisticsM onteCarlo data wereproduced using an accuratedescription ofthe targetgeom etry.
Atthe rststage ofthe analysisa beam particle type isselected using the beam tim e ofightsystem (TO F-
A,TO F-B)and the Cherenkov counters(BCA,BCB)asdescribed in section 1.1.A value ofthe pulseheight
6Table1:Totalnum berofeventsand selected pionsused in thecarbon,nitrogen and oxygen thin targetanalysis
at12 G eV/c,and the num berofprotonson targetascalculated from the pre-scaled triggercount.
D ata set C N 2 O 2
TotalDAQ events 1062429 1375780 246153




selected w ith P ID 8179 14828 2817

+
selected w ith P ID 13530 23748 4705
consistentwith the pedestalin both beam Cherenkov detectorsrejects electrons,pions and kaons.The beam
TO F system is used to rejections,such as deuterons,but at12 G eV=c is notused to separate protonsfrom
pions.However,werequiretim em easurem entsin TO F-A,TO F-B and/orTDS to bepresentwhich areneeded
forcalculating the arrivaltim e ofthe beam proton atthe target.
Thepurity oftheproton beam isbetterthan 99% ,with them ain background form ed by kaonsestim ated to be
0.5% .Thiscontam ination isneglected in the analysis.
Secondary track selection criteria,described in [17],are optim ized to ensure the quality ofm om entum recon-
struction and a clean tim e-of-ightm easurem entwhile m aintaining a high reconstruction eciency.
The background induced by interactionsofbeam particlesin the m aterialsoutside the targetism easured by
taking data withouta targetin the targetholder(\em pty targetdata").These data are subjectto the sam e
eventand track selection criteria asthe standard data sets.
Totakeintoaccountthisbackground thenum berofparticlesoftheobserved type(+ ,  )in the\em pty target
data" aresubtracted bin-by-bin (m om entum and angularbins)from the num berofparticlesofthe sam etype.
Theuncertainty induced by thism ethod isdiscussed in section 2.3and labeled \em pty targetsubtraction".The
eventstatisticsissum m arised in Table 1.
2.2 C ross-section calculation









































(pi;j) is the cross-section in m b/(G eV=c sr) for the particle type  (p,
+ or   ) for each true





















arenorm alization factors,nam ely:
N A t
A
isthe num beroftargetnucleiperunitarea 1);
N pot isthe num berofincidentbeam particleson target(particleson target);
p i and 
 j arethe bin sizesin m om entum and solid angle,respectively
2).
1) A -atom ic m ass,N A -A vogadro num ber, -target density and t-target thickness












2.2 Cross-section calculation 7
W edo notm akea correction fortheattenuation oftheproton beam in thetarget,so thatstrictly speaking the









theliteratureto obtain thism atrix.Asdiscussed in Ref.[15]forthep-AlanalysisofHARP data at12.9G eV=c,
two com plem entary analyseshavebeen perform ed to cross-check internalconsistency and possiblebiasesin the
respective procedures.A com parison ofboth analysesshowsthatthe resultsare consistentwithin the overall
system aticerror[15].







isdecom posed into distinct
independentcontributions,which arecom puted m ostly using thedata them selves.Thesecond m ethod { called
\UFO " in [15]{ isthe unfolding m ethod introduced by D’Agostini[34].Itisbased on the Bayesian unfolding
technique.In thiscasea sim ultaneous(threedim ensional)unfolding ofm om entum p,angle and particletype
 isperform ed.Thecorrection m atrix iscom puted using a M onteCarlosim ulation.Thism ethod hasbeen used
in the recentHARP publications[11,12,13]and itisalso applied in the analysisdescribed here (see [17,36]
foradditionalinform ation).
TheM onteCarlosim ulation oftheHARP setup isbased on G EANT4[37].Thedetectorm aterialsareaccurately
described in thissim ulation aswellastherelevantfeaturesofthedetectorresponseand thedigitization process.
Allrelevant physics processes are considered,including m ultiple scattering,energy loss,absorption and re-
interactions.The sim ulation isindependentofthe beam particle type because itonly generatesforeach event
exactly one secondary particle ofa specic particle type inside the targetm aterialand propagatesitthrough
thecom pletedetector.A sm alldierence(atthefew percentlevel)isobserved between theeciency calculated
foreventssim ulated with the single-particleM onte Carlo and with a sim ulation using a m ulti-particlehadron-
production m odel.A sim ilar dierence is seen between the single-particle M onte Carlo and the eciencies
m easured directly from the data.A m om entum -dependent correction factor determ ined using the eciency
m easured with thedata isapplied to takethisinto account.Thetrack reconstruction used in thisanalysisand
thesim ulation areidenticalto theonesused forthe+ production in p-Becollisions[16].A detailed description
ofthe correctionsand theirm agnitude can be found there.
Thereconstruction eciency (insidethegeom etricalacceptance)islargerthan 95% above1.5 G eV=cand drops
to 80% at0.5 G eV=c.The requirem entofa m atch with a TO FW hithasan eciency between 90% and 95%
independentofm om entum .The electron veto rejectsabout1% ofthe pionsand protonsbelow 3 G eV=c with
a rem aining background oflessthan 0.5% .Below Cherenkov threshold theTO FW separatespionsand protons
with negligible background and an eciency of 98% forpions.Above Cherenkov threshold the eciency for
pionsisgreaterthan 99% with only 1.5% ofthe protonsm is-identied asa pion.The kaon background in the
pion spectra issm allerthan 1% .
The absorption and decay ofparticlesissim ulated by the M onte Carlo.The generated single particle can re-
interactand produce background particlesby hadronic orelectrom agneticprocesses,thusgiving rise to tracks
in the dipole spectrom eter.In such cases also the additionalm easurem ents are entered into the m igration
m atrix thereby taking into accountthecom bined eectofthegenerated particleand any secondariesitcreates.
The absorption correction is on average 20% ,approxim ately independent ofm om entum .Uncertaintiesin the
absorption ofsecondariesin the dipole spectrom eterm aterialare taken into accountby a variation of10% of
thiseectin the sim ulation.The eectofpion decay istreated in the sam e way asthe absorption and is20%
at500 M eV=cand negligibleat3 G eV=c.
The uncertainty in the production ofbackground due to tertiary particlesislarger.The average correction is
 10% and up to 20% at1 G eV=c.The correction includesreinteractionsin the detectorm aterialaswellasa
sm allcom ponentcom ing from reinteractionsin thetarget.Thevalidity ofthegeneratorsused in thesim ulation
8waschecked by an analysisofHARP data with incom ing protons,and charged pionson alum inium and carbon
targetsatlowerm om enta (3 G eV=c and 5 G eV=c).A 30% variation ofthe secondary production wasapplied.
The averageem pty-targetsubtraction am ountsto  20% .
O wing to the redundancy ofthe tracking system downstream ofthe target the detection eciency is very
robustunder the usualvariationsofthe detectorperform ance during the long data taking periods.Since the
m om entum isreconstructed withoutm aking useoftheupstream driftcham berm odule(which ism oresensitive
in itsperform ancetothebeam intensity)thereconstruction eciencyisuniquelydeterm ined bythedownstream
system .Novariation oftheoveralleciencyhasbeen observed.Theperform anceoftheTO FW and CHE system
have been m onitored to be constant for the data taking periods used in this analysis.The calibration ofthe
detectorswasperform ed on a day-by-day basis.
2.3 Error estim ation
The totalstatisticalerrorofthe corrected data iscom posed ofthe statisticalerrorofthe raw data and ofthe
statisticalerroroftheunfolding procedure,astheunfolding m atrix isobtained from the data them selves,thus
contributing also to the statisticalerror.The statisticalerrorprovided by the unfolding program isequivalent
to the propagated statisticalerrorofthe raw data.In orderto calculate the statisticalerrorofthe unfolding
procedure a separate analysis is applied,as described in [17,38].Its conclusion is that the statisticalerror
provided by the unfolding procedure has to be m ultiplied globally by a factor of 2,which is done for the
analysesdescribed here.This factoris som ewhatdependenton the shape ofthe distributions.Forexam ple a
value1.7 wasfound forthe analysisreported in Ref.[11].
Dierenttypesofsourcesinducesystem aticerrorsfortheanalysisdescribed here:trackyield corrections( 5% ),
particle identication ( 0:1% ),m om entum and angularreconstruction ( 0:5% ) 3).The strategy to calculate
thesesystem aticerrorsand thedierentm ethodsused fortheirevaluation aredescribed in [17].An additional
source oferrorisdue to m isidentied secondary kaons,which are notconsidered in the particle identication
m ethod used forthisanalysisand aresubtracted on thebasisofaM onteCarlosim ulation,asin [17].Noexplicit
correction is m ade for pions com ing from decays ofother particles created in the target,as they give a very
sm allcontribution according to the selection criteria applied in the analysis.
Asa resultofthese system aticerrorstudies,each errorsourcecan be represented by a covariancem atrix.The
sum ofthese m atricesdescribesthe totalsystem aticerror,asexplained in [17].
O n averagethetotalintegrated system aticerrorisaround 5  6% ,with a dierentialbin to bin system aticerror
oftheorderof10  11% ,to becom pared with a statisticalintegrated (bin-to-bin dierential)errorof 2  3%
( 10  13% ).System aticand statisticalerrorsareroughly ofthe sam eorder.
Theoverallnorm alization oftheresultsiscalculated relativeto thenum berofincidentbeam particlesaccepted
by theselection.Theuncertainty is2% forincidentprotons.Thecontraction ofthetargetwith cooling induces
an additionalsystem aticerrorof1% on the N 2 and O 2 data.
3 R esults
In Figure 2,the m easured + and   spectra in p{N 2 and p{O 2 interactions at 12 G eV=c are com pared to
an em piricalpram etrization,developed by Sanford and W ang [39]to describe the production cross-sectionsof
m esonsin proton-nucleusinteractions.The param eterstted to ourp{C data at12 G eV=c in [17]have been
3) The quoted errorin parenthesis refersto fractionalerrorofthe integrated cross-section in the kinem atic range covered by the
H A R P experim ent
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Figure2: M easurem entofthedouble-dierentialproduction cross-section ofpositive(open circles)and negative
(lled circles)pions from 12 G eV=c protons on N 2 (left) and O 2 (right)as a function ofpion m om entum ,p,
in binsofpion angle,,in the laboratory fram e.The curvesshow the Sanford-W ang param etrization with the
param etersgiven in Ref.[17](solid linefor+ and dashed linefor  ),com puted forthecentralvalueofeach
angularbin.In the top rightcornerofeach plotthe covered angularrangeisshown in m rad.
used and only a constantoverallrescaling factoraccounting forthe targetatom ic m asshasbeen applied.O ne
can observe thatthe shape and norm alization obtained using the carbon data predictquite wellthe nitrogen
and oxygen data.Thispointwillbe m ade m ore clearwhen the N 2/C and O 2/C ratiosare taken.The shapes
ofthem om entum spectra aresim ilarforsecondary + and   ,aswellasfordierentdata sets,whereonly a
dierentnorm alisation factorcan be noticed because ofthe dierentnuclearm assesofthe targetnuclei.The
conclusionsdrawn in [17]appearto beconrm ed forthedata setspresented here:theparam etrization provides
an approxim ate description ofthe m ain features,butis notable to describe the data wellin som e regionsof
kinem aticspace,particularly athigh m om enta and atlargeangles.
The centralvalues and square-root ofthe diagonalelem ents ofthe covariance m atrix are listed in Tables 2
and 3.
Thekinem aticrangeofthem easurem entscoversthem om entum regionfrom 0.5G eV=cto8.0G eV=c(subdivided
into 10 intervals) and the angular range from 0.05 rad to 0.25 rad (subdivided into 4 intervals).The error
bars correspond to the com bined statisticaland system atic errors as described in section 2.3.The overall
norm alization errorof2% forthe norm alization ofincidentprotonsand of1% forthe targetsize variation are
notshown.
The pion production ratiosN 2/C and O 2/C are presented in Figs.3-4 and are com pared to G EANT4 M onte
Carlo predictions.As noted before,the dierence between the targetm aterials is justied by an overallnor-
m alisation factortaking into accountthe dierentnuclearm assesofthe targetm aterials.The variousm odels
(see[40]fordetails)do predicttheratio ofcross-sectionsaccurately,with very littlespread between them .This
conclusion isdierentwhen the absolutepredictionsm odelsarecom pared with the m easured cross-sectionsas
shown in Ref.[17].
10
Table2:HARP resultsforthedouble-dierential+ and   production cross-section in thelaboratory system ,
d2=(dpd
),forp{N 2 interactionsat12 G eV=c.Each row refersto a dierent(pm in  p < pm ax;m in   <
m ax)bin,where p and  are the pion m om entum and polarangle,respectively.The centralvalue aswellas
the square-rootofthe diagonalelem entsofthe covariancem atrix aregiven.













(rad) (rad) (G eV/c) (G eV/c) (m b/(G eV/c sr)) (m b/(G eV/c sr))
0.05 0.10 0.50 1.00 240.5  39.9 200.7  33.7
1.00 1.50 318.1  29.0 256.9  27.9
1.50 2.00 288.2  28.1 195.9  23.2
2.00 2.50 310.5  26.3 165.3  18.0
2.50 3.00 280.6  23.9 127.4  14.8
3.00 3.50 183.0  18.9 71.2  10.1
3.50 4.00 152.3  15.6 64.7  8.8
4.00 5.00 98.3  9.5 37.5  5.6
5.00 6.50 46.4  5.8 14.3  3.0
6.50 8.00 14.4  2.7 2.4  0.8
0.10 0.15 0.50 1.00 239.5  35.5 304.3  42.8
1.00 1.50 336.9  34.7 217.3  24.5
1.50 2.00 250.0  27.2 180.8  20.9
2.00 2.50 229.3  25.6 83.9  15.4
2.50 3.00 145.3  17.5 78.7  11.9
3.00 3.50 101.8  13.4 63.0  8.6
3.50 4.00 61.9  9.6 39.3  6.5
4.00 5.00 33.9  5.1 14.3  3.4
5.00 6.50 11.3  2.2 3.7  1.0
6.50 8.00 2.0  0.6 0.5  0.2
0.15 0.20 0.50 1.00 337.6  45.5 269.8  40.0
1.00 1.50 244.4  27.8 151.1  21.8
1.50 2.00 148.6  19.3 122.4  18.7
2.00 2.50 107.4  15.8 83.7  14.7
2.50 3.00 75.8  13.6 42.3  10.5
3.00 3.50 36.5  7.7 17.5  6.7
3.50 4.00 27.7  5.2 20.3  5.2
4.00 5.00 17.6  3.1 6.0  2.1
5.00 6.50 4.9  1.5 0.4  0.3
6.50 8.00 0.6  0.2 -
0.20 0.25 0.50 1.00 212.6  36.0 145.5  28.0
1.00 1.50 84.1  20.3 193.4  34.2
1.50 2.00 95.4  22.3 123.2  25.2
2.00 2.50 63.2  14.2 84.4  18.5
2.50 3.00 47.6  10.9 49.8  11.8
3.00 3.50 21.7  5.9 15.5  5.2
3.50 4.00 9.2  3.6 6.2  4.2
4.00 5.00 7.7  2.6 1.5  2.2
5.00 6.50 1.9  1.3 -
6.50 8.00 - -
4 Sum m ary and conclusions 11
Table3:HARP resultsforthedouble-dierential+ and   production cross-section in thelaboratory system ,
d2=(dpd
),forp{O 2 interactionsat12 G eV=c.Each row refersto a dierent(pm in  p < pm ax;m in   <
m ax)bin,where p and  are the pion m om entum and polarangle,respectively.The centralvalue aswellas
the square-rootofthe diagonalelem entsofthe covariancem atrix aregiven.













(rad) (rad) (G eV/c) (G eV/c) (m b/(G eV/c sr)) (m b/(G eV/c sr))
0.05 0.10 0.50 1.00 290.3  63.9 290.6  63.3
1.00 1.50 417.5  56.5 307.7  49.4
1.50 2.00 435.2  53.9 236.9  41.2
2.00 2.50 371.4  47.3 166.1  31.4
2.50 3.00 313.9  42.0 140.5  27.3
3.00 3.50 266.2  36.9 117.5  23.3
3.50 4.00 175.3  27.1 71.1  16.7
4.00 5.00 127.4  18.1 41.7  9.9
5.00 6.50 63.0  10.3 20.8  6.1
6.50 8.00 25.0  6.8 7.3  3.3
0.10 0.15 0.50 1.00 327.5  62.5 462.9  85.0
1.00 1.50 492.2  65.7 330.2  50.0
1.50 2.00 317.9  46.3 235.9  40.6
2.00 2.50 332.7  48.5 107.5  26.4
2.50 3.00 224.1  36.6 138.4  28.8
3.00 3.50 113.0  21.9 72.6  18.5
3.50 4.00 97.8  21.7 57.4  15.3
4.00 5.00 52.2  10.9 24.1  7.6
5.00 6.50 15.1  5.4 3.7  2.1
6.50 8.00 2.2  1.1 1.4  1.2
0.15 0.20 0.50 1.00 337.5  69.6 244.2  56.7
1.00 1.50 313.5  52.3 198.7  42.9
1.50 2.00 225.6  40.9 113.9  30.5
2.00 2.50 144.9  30.4 98.7  28.0
2.50 3.00 78.8  22.3 45.5  19.3
3.00 3.50 55.2  16.9 15.2  10.0
3.50 4.00 29.3  11.4 27.5  12.7
4.00 5.00 19.8  8.0 11.0  6.7
5.00 6.50 6.0  4.5 -
6.50 8.00 - -
0.20 0.25 0.50 1.00 235.0  59.7 186.7  50.2
1.00 1.50 137.0  43.4 200.3  58.2
1.50 2.00 126.2  42.0 117.5  38.2
2.00 2.50 70.2  31.5 115.8  39.6
2.50 3.00 37.3  16.1 60.8  25.7
3.00 3.50 36.8  16.7 22.1  15.0
3.50 4.00 18.0  13.2 15.1  15.3
4.00 5.00 11.0  9.2 4.5  5.5
5.00 6.50 2.8  4.8 -
6.50 8.00 - -
4 Sum m ary and conclusions
Theresultsreported in thisarticlem ay contributeto theprecisecalculationsofatm osphericneutrinouxesand
to theim provem entofourunderstanding ofextensiveairshowerssim ulationsand hadronicinteractionsatlow
12
Figure 3: p{N 2 to p{C production ratio for
+ (leftpanel)and   (rightpanel)at12 G eV=c,com pared with
G EANT4 sim ulation predictionsusing dierentm odels.In thetop rightcornerofeach plotthecovered angular
rangeisshown in m rad.O nly statisticalerrorsareused,since m ostsystem aticonescancel.
energies.A detailed study oftheroleofhadronicinteractionsforproduction ofm uonsin extensiveairshowers,
which are one ofthe m ain ingredientsto inferthe m assand the energy ofthe prim ary cosm ic ray particle,is
shown in reference[35].
In this paper we presented m easurem ents ofthe double-dierentialproduction cross-section ofpositive and
negative pions in the collisions of12 G eV=c protons with thin nitrogen and oxygen targets.The data were
reported in binsofpion m om entum and anglein thekinem aticrange0.5 G eV=c p < 8 G eV=cand 0.05 rad
  < 0.25 rad in thelaboratory fram e.A detailed erroranalysishasbeen perform ed yielding totalbin-to-bin
dierentialerrors(statisticaland system atic)ofabout15% ,an overallnorm alization errorof2% and additional
1% forthetargetsizevariation.W eshould stressthattheHARP dataaretherstm easurem entswith cryogenic
targetsin thiskinem atic region with good precision.
Sim ulationspredictthatcollisionsofprotonswith a carbon targetarevery sim ilarto proton interactionswith
air(seee.g.[36]).Thatexplainswhy thesedatasetscan beused fortuningm odelsneeded in astroparticlephysics
sim ulations.O urm easurem entson p{N 2 and p{O 2 conrm thesepredictions.
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A C ross-section data
Thetabulated cross-section data forp{C interactionsat12 G eV=c,already published in [17],arereported again
herewith a dierentbinning forcom parison.
Table4:HARP resultsforthedouble-dierential+ and   production cross-section in thelaboratory system ,
d2=(dpd
),forp{C interactionsat12 G eV=c.Each row refersto a dierent(p m in  p < pm ax;m in   <
m ax)bin,where p and  are the pion m om entum and polarangle,respectively.The centralvalue aswellas
the square-rootofthe diagonalelem entsofthe covariancem atrix aregiven.










(rad) (rad) (G eV/c) (G eV/c) (m b/(G eV/c sr)) (m b/(G eV/c sr))
0.05 0.10 0.50 1.00 190.6  27.1 132.3  21.5
1.00 1.50 237.3  23.0 197.2  20.9
1.50 2.00 282.6  23.2 189.6  17.9
2.00 2.50 266.1  21.1 147.9  14.8
2.50 3.00 228.6  18.1 102.2  12.7
3.00 3.50 166.6  13.6 77.2  9.1
3.50 4.00 144.7  13.7 55.7  8.1
4.00 5.00 83.6  7.5 41.2  5.0
5.00 6.50 36.5  4.2 8.6  2.3
6.50 8.00 16.4  2.5 1.6  0.9
0.10 0.15 0.50 1.00 209.9  26.9 238.0  32.3
1.00 1.50 225.6  23.1 207.0  21.4
1.50 2.00 264.1  25.3 150.1  16.5
2.00 2.50 206.1  20.4 94.9  11.9
2.50 3.00 135.4  14.2 79.3  10.4
3.00 3.50 92.7  10.5 50.2  7.7
3.50 4.00 60.5  8.4 28.1  4.4
4.00 5.00 37.3  4.7 17.2  3.7
5.00 6.50 9.5  1.7 2.6  0.9
6.50 8.00 2.6  0.7 0.2  0.1
0.15 0.20 0.50 1.00 241.4  31.7 223.5  30.5
1.00 1.50 213.2  21.9 134.2  17.2
1.50 2.00 152.1  16.8 128.7  16.1
2.00 2.50 90.8  12.3 74.2  11.0
2.50 3.00 49.7  8.4 51.1  8.5
3.00 3.50 31.3  5.8 23.0  4.8
3.50 4.00 24.4  5.2 11.3  3.0
4.00 5.00 11.3  2.6 6.7  2.0
5.00 6.50 3.7  1.4 0.5  0.4
6.50 8.00 0.6  0.3 -
0.20 0.25 0.50 1.00 174.8  26.6 146.1  23.5
1.00 1.50 80.7  15.4 120.1  19.4
1.50 2.00 87.9  17.3 108.4  21.0
2.00 2.50 44.2  9.6 60.2  13.7
2.50 3.00 27.8  7.7 24.5  7.3
3.00 3.50 18.0  5.4 10.4  3.8
3.50 4.00 8.1  3.5 4.9  2.5
4.00 5.00 5.1  3.1 1.1  1.3
5.00 6.50 1.9  1.4 -
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